Formaldehyde has been a key platform reagent in the chemical industry for many decades in a large number of bulk scale industrial processes. Thus, the annual global demand reached 30 megatons per year, and currently it is solely produced under oxidative, energy intensive conditions, using high-temperature approaches for the methanol oxidation. In recent years, new fields of application beyond the use of formaldehyde and its derivatives as i.e. a synthetic reagent or disinfectant have been suggested. For example dialkoxymethane could be envisioned as a direct fuel for combustion engines or aqueous formaldehyde and paraformaldehyde may act as a liquid organic hydrogen carrier molecule (LOHC) for hydrogen generation to be used for hydrogen fuel cells. To turn these new perspectives in feasible approaches, it requires also new less energy-intensive technologies for the synthesis of formaldehyde.
Introduction
Formaldehyde is widely abundant in nature and the anthropogenic environment owing to multiple natural and artificial decomposition pathways of both biological and artificial organic matter. [1] [2] [3] Currently, these formaldehyde production
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pathways still play a minor role, in terms of its valorisation in industry. However, this will change when vegetal biomass processing based on renewable sources will take on full ride for the future substitution of fossil based processes which will consequently lead to a biomass-derived formaldehyde production. 2 For many decades, formaldehyde has been used in over 50 industrial processes as a crucial building block (i.e. cross-linker) for daily life commodities such as germicides/disinfectants in hospitals, pharmaceuticals, paints/inks, cosmetics, resins, polymers/adhesives, besides many others. [4] [5] [6] The commercial importance of all these branches sums up to a globally multi-billion dollar market with the demands of over 30 mega tons per year of formaldehyde, 7 respectively paraformaldehyde and the forecast predicts an annual growth of 4%. However, so far formaldehyde as a platform compound in the global energy storage sector does not play a significant role, although it provides interesting properties in comparison to other alternative solutions. For example, oxymethylene ethers (OME), synthesised from formaldehyde and alcohols, are investigated as potential candidates for combustion fuels and fuel additives. [8] [9] [10] It could be envisioned to extend this approach using long-chain bio-derived alcohols, thus resulting in long-chain OMEs suitable to complement biofuels such as biodiesel (Scheme 1). 8 Worth mentioning is also the long established use of solid formaldehyde derivatives as solid fuel tablets for direct combustion commonly used for small camping stoves especially in military equipment since the 1930s. These ashless burning fuel tablets consist of 1,3,5-trioxane, or more commonly of hexamethylenetetramine (also known as urotropine), and the latter ones are commonly sold and known under the commercial name Esbit®. Additionally, formaldehyde can be harvested in the form of OME during the lignin depolymerisation processing using ethanol as a scavenger for formaldehyde, thus OME would be a valuable byproduct during the production of aromatics. 11 In another context, formaldehyde impurities also play a role in terms of safety and storage issues for aqueous nuclear waste treatment owing to the observation that formaldehyde-containing nuclear waste generates flammable mixtures of H 2 and N 2 O.
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In this regard, novel formaldehyde decontamination technologies would be desirable for the safe pre-treatment of contaminated and potential flammable waste previous to storage or further processing. 1, 13 In another perspective, formaldehyde itself is a hydrogen-rich molecule containing 6.7 wt% H 2 in the gaseous phase, and in aqueous media this value rises to 8.4 wt% owing to the favourable equilibrium towards methanediol. 14 Thus, it provides potential to become suitable as a liquid organic hydrogen carrier (LOHC) molecule for the delivery of hydrogen in high-purity for hydrogen fuel cell technologies. In this regard, it might be even more attractive than the hydrogen-richer methanol (12.5 wt%) of the C 1 -family owing to the different thermodynamic properties. In vast contrast to methanol which needs a larger energy input during the endergonic methanol reforming process, the formaldehyde reforming process is exergonic, thus more feasible for a self-sustaining hydrogen delivery pathway. In combination with a lowtemperature formaldehyde synthesis, the formaldehyde reforming would result in a rechargeable hydrogen battery suitable for hydrogen fuel cell technologies (Scheme 1).
In this perspective article the recent progress and efforts towards more sustainable formaldehyde synthesis 5, 7, 16 and its derivatives 8, [17] [18] [19] [20] [21] via the reduction of CO 2 and CO are described, as well as the approaches for low-temperature formaldehyde reforming. 1, 14, 15, 22 New formaldehyde production methods are also required to feed the potential future application in the energy sector on a large scale because the currently produced formaldehyde is already reserved for the established synthetic applications. Likewise the current annual global methanol production capacity (∼110 Mt) cannot serve (II) the decomposition of formaldehyde to syngas, 4 (III) OME as potential combustion fuel (additives) 8, 10 and (IV) the application as LOHC for hydrogen fuel cells. 1, 14, 15 The pathways in green are realized and the pathway in red remains the missing puzzle piece in this network.
solely the energy sector owing to the requirements for methanol (∼80-90 Mt per year) in the chemical and pharmaceutical industries.
Direct formaldehyde synthesis
Since the early commercialisation of formaldehyde its production is based on an energy-intensive gas phase process via partial oxidation and/or dehydrogenation of methanol (i.e. Formox process). 3, 14, 23 Interestingly already in the late 19 th century, at least since the 1870s there are early reports about chemical, photochemical, and especially electrochemical and high-temperature attempts described to reduce CO and CO 2 to formaldehyde; the high-temperature decomposition of formaldehyde to syngas (CO/H 2 ) can be found in the literature. [24] [25] [26] [27] [28] [29] These early attempts have been fallen in oblivion for about 80 years owing to thermodynamic disfavours. 30, 31 Still nowadays, when methanol production from CO 2 has been already realised, and Carbon Recycling International (CRI) installed even a CO 2 methanol plant in Iceland (covering about 3% of Iceland's energy demands), 32 the Formox process and related methanol oxidation processes remain the technical state of the art for the formaldehyde production. Thus, even so the more sustainable production of methanol can be realised, the production of formaldehyde remains energy (300-400°C) and cost intensive on a large scale. Currently >35% of the world methanol production is used to cover the global formaldehyde demands, which turns formaldehyde to the number one product directly derived from methanol. The conventional formaldehyde production includes a highly energetic three-step process line to formaldehyde consisting of steam reforming of natural gas (700-1100°C) to syngas, followed by methanol synthesis (200-300°C) and finally partial oxidation/dehydrogenation of methanol (300-400°C) to yield formaldehyde as the major product (Scheme 2). The mentioned energy-related drawbacks owing to the high temperature required for this process line are accompanied by further energy-intensive compression and purification steps which results in economic and ecological deficiencies. 3 Today's modern societies are largely based on C 1 -molecules and their derivatives in many daily life products. 2, 4, 5, 7 To sustain the status quo of modern life, it urgently requires more sustainable processes for the interconversion of those molecules. Owing to the massive global demands of methanol, the efforts focus on the substitution of the traditional oxidative methanol synthesis from natural gas by a reductive process utilizing abundant CO 2 . [33] [34] [35] Taking into account studies about the life-cycle assessment for the conversion of CO 2 to methanol, this approach is promising in the case that the required hydrogen is delivered from renewables or plain water. 36 In vast contrast, conventional hydrogen derived from fossil sources leads to the so-called CO 2 -paradoxon owing to the fact that the total CO 2 -production is superior in comparison to the required hydrogen for the CO 2 reduction to methanol. 37 Interestingly, the research about improved methanol syntheses is much more advanced than the progress for the formaldehyde synthesis, even so that most of the methanol (35%) is simply produced to produce formaldehyde. Over 80 years the valorisation of syngas has quite developed and is widely used for example for hydroformylation, 4, 38 or synthetic fuels (Fischer-Tropsch synthesis). 39, 40 However, it was not considered for the formaldehyde synthesis because of thermodynamic disfavours in gas phase reactions and low yields (<0.2%). 30, 31 In comparison to the classical formaldehyde synthesis, a direct conversion of syngas to formaldehyde would eliminate two energy intensive steps (methanol synthesis and oxidation) and most recently this has been proven as an elegant alternative.
5 Surprisingly, the direct catalytic hydrogenation of carbon dioxide to formaldehyde or formalin has rarely been reported. In vast contrast, many reports on CO 2 hydrogenation to formic acid and methanol are available, likewise reports where methanol and formic acid are described as a hydrogen source. Corriu and co-workers reported a few years later the insertion of CO 2 in the Si-H bonds of a hypervalent organosilane in the presence of a tertiary amine (Scheme 4). 53 In the first step a silyl formate is formed which is stable at room temperature. The silyl ester decomposes at 65-85°C under argon within two Scheme 2 Classical high temperature gas phase process line to formaldehyde: (I) natural gas reforming, (II) methanol synthesis, and (III) partial methanol oxidation.
Scheme 3 Stoichiometric reaction of CO 2 to formaldehyde at room temperature. 52 
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In an enzymatic approach Liu and co-workers demonstrated the NADH-coupled reduction of CO 2 to formaldehyde using formate dehydrogenase (FDH) and formaldehyde dehydrogenase (FADH) as catalysts (Scheme 5). 54 The optimised reactions have been performed at 37°C in phosphate buffer ( pH 6) with 1 mL of 100 mmol L −1 NADH solution under 5 bar of CO 2 yielding about 0.901 mmol L −1 HCHO for example after 12 h.
In contrast to the above mentioned molecular approaches, there is a report on the direct formation of free formaldehyde starting from CO 2 using solid catalyst materials. Lee and coworkers reported a pronounced selectivity even for the hydrogenation of CO 2 to formaldehyde at 150°C under a total pressure of 6 bar with a H 2 : CO 2 . In other reports about photocatalytic reduction of CO 2 typically a mixture of formic acid, formaldehyde, methanol or even methane has been observed on either a low conversion level and/or with low selectivity for formaldehyde. [58] [59] [60] [61] [62] [63] In 2014 a promising electrocatalytic method converting CO 2 into formaldehyde even in seawater has been presented by Nakata and Einaga (Scheme 8). 16 The authors used borondoped diamond (BDD) electrodes with p-type surfaces and a platinum counter electrode in the range from −1.0 V to −1.9 V vs. Ag/Ag + in a methanol electrolyte. They reported a maximum
Faradaic efficiency for formaldehyde of 74% at −1.7 V vs. Ag/ Ag + . The efficiency is maintained between 1 h and 20 h.
Formic acid is formed with just 15% Faradaic efficiency at −1.5 V, and H 2 is formed with 1.1% below −1.7 V. The reduction of formic acid, instead of CO 2 as the starting material, yielded formaldehyde with 85% at −1.5 V. After optimization of the set up with artificial electrolytes they tested seawater as a natural electrolyte successfully yielding 36% formaldehyde, and 7.5 × 10 −3 M per hour. As a reference they tested also 0.1 M aq. NaCl yielding 62% formaldehyde. The lower activity in seawater is attributed to natural impurities. Other electrochemical approaches gave Faradaic efficiencies between 0.08% and 25% for formaldehyde derived from CO 2 using polyoxometalate as a catalyst material. 64 Again in 2014, the first direct conversion of syngas (CO : H 2 = 1 : 1) to formaldehyde has been realized in aqueous media (Scheme 9, patent filed). 5 The driving force to push the equilibrium into the desired direction was the performance of the reaction in the liquid rather than in the gaseous phase. Scheme 9 Elimination of two energy and cost intensive synthesis steps towards low temperature formaldehyde synthesis from syngas in aqueous solution. 5 Indeed, this reaction requires a protic environment to stabilise formaldehyde in the form of methanediol or (hemi)acetals and prevent over-reduction to methanol. In contrast to the performance in the aqueous phase, the gas phase hydrogenation of CO to formaldehyde with a solid catalyst is thermodynamically very limited (vide infra). 5 In consequence to these observations, considering the reactivity of formaldehyde towards water, 14 water has been used as a solvent.
Formaldehyde is known to form methanediol as the major product in aqueous solution. 14 This low-temperature approach has the potential to save costs and energy owing to the elimination of two high-temperature reaction steps. The hydrogenation of CO to methanediol in water was then thermodynamically favourable and highly selective (100%) for methanediol at a conversion level of 19% in a slurry reactor, pointing out that formic acid, methanol or methane was not detectable. The importance of water is underlined by comparison with the gas phase reaction with the same catalyst in a fixed bed reactor resulting in a conversion of ∼10 ) for the aqueous phase reaction at 298 K. Moreover, the Gibbs free energy (ΔG) is positive for the gas phase reaction and negative for the aqueous phase reaction (Table 1) . Most likely, a rigorous mixing of the gases into the liquid phase is beneficial for efficient conversion. Additionally, it has been proven that high temperatures (≫80°C) are not beneficial for the product yield which stays again in agreement with the thermodynamics (Table 1) and Le Chatelier's principle. The limitation of the Tanksale-reaction is the syngas solubility in water. In 2016, Tanksale reported on solvent effects (solvent mixtures) and four different reaction pathways for the formalin formation from CO have been proposed. 7 They determined methanol to be the best solvent under their conditions yielding 15.6 mmol L −1 g cat
HCHO at 90°C and a pressure of 100 bar with 100% selectivity and without any CO 2 formation. This yield corresponds to a yield four times higher than the best in the previous report.
Formaldehyde derivatives
In 2013 Sabo-Etienne and Bontemps trapped formaldehyde as bis(boryl)methylene acetal in the course of the CO 2 reduction with pinacol borane with [RuH 2 (η-H 2 ) 2 (PCy 3 ) 2 ] (Cy = cyclohexyl; 10 mol%) as the catalyst precursor (Scheme 10). The key step for the CO 2 reduction goes via the insertion of CO 2 into the ruthenium hydride bond. Later the authors showed that an iron catalysed pathway involving a metal hydride catalyst is also feasible for the generation of borylmethylene derivatives with good selectivities. 65 Likewise most recently in 2016,
Cantat and Berthet showed that besides iron, also copper and cobalt phosphine complexes are active for the borylation of CO 2 yielding mixtures of bisboryl acetal and methoxy borane with a broad range of selectivity for these two products. 66 In their ongoing research they focussed on the generation of free formaldehyde and achieved this with a slightly modified protocol. 68 Using this catalyst precursor [RuH 2 (η-H 2 ) 2 (PCyp 3 ) 2 ] (Cyp = cyclopentyl; 1-10 mol%) they achieved the formation of 22% formaldehyde by reduction of CO 2 with pinacol borane besides the above mentioned boryl methylene acetals (6 and 12%). For further improvement of the formaldehyde yield, they added bulky diisopropyl aniline to the starting material resulting in the corresponding formyl imine (74%) and upon addition of aqueous methanol, the imine is hydrolysed yielding aqueous formaldehyde and paraformaldehyde (Scheme 11). 68 Interestingly, in a study with phosphineborane catalysts about hydroboration of CO 2 yielding methoxy- boranes, formaldehyde borane adducts have been postulated as catalytically active species. 18 Oestreich and Metsänen reported a ruthenium-catalysed hydrosilylation of CO 2 with Et 3 SiH yielding silylated formaldehyde or methanol. 19 Here the key step is the formation of the bis(silyl)methylene acetal which gives high selectivities (81-99%) at moderate to very high conversions (33 to >99%; Scheme 12) at 80°C. Silylated methanol can be obtained after 7 days at 150°C with 75% selectivity and 69% conversion. Under similar conditions, Serrano and Rodriguez evaluated a nickel PBP-complex for the formation of bis(silyl)methylene acetal from CO 2 in the presence of Et 3 SiH with high selectivities (78 to >99%) and moderate to high conversion (41-91%) at 70°C. 17 Already in 2013, Berke and co-workers reported the hydrosilylation of CO 2 using a Frustrated Lewis Pair (FLP) consisting for example of a rhenium hydride and B(C 6 F 5 ) 3 (Scheme 12) at 80°C. 21 Here the authors reported yields of ∼90%. Piers and co-workers reported a scandium complex for the above described reaction. 20 In general, it should be underlined that the interest in the synthesis of boryl and silyl methylene acetals from CO 2 is of fundamental academic nature, and this might stimulate interest in the preparation of inorganic/organic hybrid materials incorporating formaldehyde derived from CO 2 . Contrarily, the above described approaches seem unsuitable for their application to generate organic combustion fuels or liquid organic hydrogen carrier molecules for energy storage and hydrogen storage systems based on CO 2 -derived formaldehyde.
Following the above described efforts on trapping formaldehyde in the form of boryl and silyl methylene acetals (Schemes 11 and 12), most recently in 2016, Klankermayer et al. demonstrated for the first time the catalytic conversion of CO 2 (20 bar) and H 2 (60 bar) in the presence of alcohols into dialkoxymethane ethers (oxymethylene ethers) in a multistep reaction using a molecular ruthenium-triphos catalyst and aluminium triflate as a Lewis acidic co-catalyst (Scheme 13). 8 The reaction has been validated for a wide range of linear and branched aliphatic alcohols (C 1 -C 10 ) and benzyl alcohol. The achieved turnovers reached about 200 TONs for methanol and varied for the higher aliphatic alcohols between 50 and 120, showing a dependency of the chain-length, with an activity increase for long-chain alcohols. The Klankermayer protocol gives direct access to dimethoxymethane and higher oxymethylene ethers which are considered to be potential fuels or fuel additives 10 using abundant CO 2 and renewable hydrogen.
Formaldehyde as hydrogen source
In contrast to the above described obstacles and challenges for the synthesis of formaldehyde under reductive conditions starting from CO 2 and CO, the dehydrogenative decomposition of aqueous formaldehyde and paraformaldehyde to H 2 and CO 2 is much more straightforward, 14 even so, in contrast to long-investigated hydrogen evolution from formic acid or methanol, 69, 70 it has been rarely considered and investigated.
Recently, we showed that water in the presence of C 1 -entities like ( para)formaldehyde (6.7 wt% per unit) is suitable for molecular hydrogen-storage as these molecules can be easily and selectively dehydrogenated forming pure H 2 and CO 2 (Scheme 14).
14 A theoretical efficiency of 8.4 wt% of H 2 considering 1 equiv. H 2 O and H 2 CO is possible owing to the favourable equilibrium constant for methanediol in aqueous solution. In this regard, the incorporation of water into the formaldehyde molecule yielding methanediol can be interpreted as a chemical indirect water-splitting reaction, where water acts as a proton source and formaldehyde as a hydride source. The H 2 -content is higher than for formic acid (4.4 wt%), even when technical aqueous H 2 CO is used, the solution has a minimum efficiency of 5.0 wt%. This catalytic decomposition of H 2 CO can be envisioned as a novel approach for simultaneous H 2 production and decontamination treatment of wastewater with formaldehyde impurities as a waste to value approach. 1, 13 The dehydrogenation reaction of aqueous formaldehyde proceeds under mild conditions in the temperature range between room temperature and 95°C using a molecular ruthenium catalyst under base-free, respectively pH neutral An extension of aqueous formaldehyde as LOHC has been further investigated with regard to room-temperature methanol reforming. 15 The room temperature reforming of methanol follows a bio-inspired approach using a multi-catalytic system consisting of enzymes and a biomimetic formaldehyde dehydrogenase (Scheme 15). The limitations of this approach are related to the compatibility of the metal complex and the enzymes which might be overcome with metal-protein technologies, 71 and it is also related to the reaction conditions. 72 The catalyst modification and also slightly modified reaction conditions turn the catalytic formaldehyde dehydrogenation into an efficient biomimetic dismutase reaction pathway. 72 Besides the above described ruthenium catalysed hydrogen generation from formaldehyde in water, Fukuzumi and coworkers showed that a water-soluble iridium complex is suitable for hydrogen generation from paraformaldehyde in water at room-temperature, however so far with TONs <100 depending on the basicity ( pH 6-10) of the solutions (Scheme 16). 22 Yamaguchi and colleagues demonstrated the formaldehyde dehydrogenation with an iridium complex carrying a cooperative ligand-site, resulting in conversions up to 89% (TON = 178). 73 In both cases it has been shown that pH has an influence on the catalyst structure in solution and on the activity and yield. Both reactions show better performance under basic conditions.
Summary & outlook
In this decade, major progress has been achieved towards the low-temperature synthesis of formaldehyde and its derivatives starting from CO and CO 2 . For the first time a promising direct formaldehyde synthesis from syngas has been realized. Likewise the first synthesis of dialkoxymethane via catalytic reduction of CO 2 has been demonstrated. Moreover an electrocatalytic conversion of CO 2 to formaldehyde using sea water as the electrolyte shows a further promising direction. These novel pathways in the C 1 -chemistry puzzle open new windows of opportunities towards more sustainable cost and energy saving production chains with formaldehyde as the platform reagent. The methods may become independent of fossil sources if the future hydrogen production processes will use renewables or plain water. The same efforts will be required for the future production of syngas using biomass or organic waste as the feedstock. The scenario of the stabilization of formaldehyde in solution with water and alcohol will play a key role to further improve these reductive syntheses because the thermodynamic parameters caused by the reactive protic solvents have a tremendous influence on the all over reaction pathways and the reactivity of all solute species and intermediates: methanediol, (di)alkoxymethane in the formaldehyde case or carbonic acid and carbonates in the CO 2 case as dominant species in solution. Other approaches for the stabilization of formaldehyde in solution included the formation of bis (silyl) or bis(boryl)methylene acetals, which might generate further interest for inorganic materials with formaldehyde as a cross-linker. Still the selective hydrogenation of CO 2 to formaldehyde is a missing piece of the C 1 -puzzle. In analogy to the CO hydrogenation in water, the key for a selective CO 2 hydrogenation will be probably the application of water as the solvent to trap formaldehyde in its form as methanediol, hence formalin solution. Notably, free formaldehyde can be also obtained in sequential enzyme catalysis applying FDH and FADH in the presence of NADH as a co-factor. This clearly shows that also the biotechnology pathway might be promising one day to complement the global demands for the large amounts of formaldehyde already required nowadays for established application.
Considering new potential fields for the application of formaldehyde in the energy sector for new combustion fuels or as liquid hydrogen carrier molecules for hydrogen fuel cell technologies, consequently this will require further efforts to enhance significantly the global production of formaldehyde. Thus, one needs to consider also biomass-and waste-based formaldehyde production. In this regard also the hydrogen production from wastewater containing residual formaldehyde might become an interesting aspect to complement the hydrogen production. The realization of a formaldehyde-based hydrogen battery requires the immobilization of the catalyst. In terms of long-term stability the system seems quite promising, also taking into account the usual limitations of battery life-time issues and the superior energy content of hydrogen and LOHC in comparison to conventional batteries.
